Abstract Experimental and numerical simulations were undertaken to estimate the effects of imperfect conditions on stress waves in split Hopkinson pressure bar (SHPB) experiments. The photonic Doppler velocimetry (PDV) measurement results show that the rise and fall times of an incident wave increases with an increasing inclination angle; also, the fluctuations of the incident wave disappear gradually with the increase of inclination angle. The following characteristics for various defects in the SHPB were obtained by numerical simulation: (1) the influence of a curved bar was negligible; (2) misalignment modestly affects the fluctuation characteristics, and bending waves were generated at this condition; (3) inclination and indentation of the impact endsurface had a great impact on the incident waves, and both of them increase the rise time of the incident wave by increasing the degree of defects. In view of the results, misalignment, inclination, and indentation in SHPB experiments should be minimized.
Introduction
The split Hopkinson pressure bar (SHPB), which was first introduced by Hopkinson [1] in 1914 and further developed by Kolsky [2] , Davies and Hunter [3] , as well as others [4] [5] [6] [7] , is an effective method to characterize the dynamic behavior of materials at intermediate strain rates. The SHPB has been widely used to investigate the dynamic mechanical properties of materials under uniaxial compression [5, 6, [8] [9] [10] [11] . The SHPB apparatus comprises three elastic bars that are the striker, the incident bar, and the transmitted bar. A specimen is sandwiched coaxially between the incident bar and the transmitted bar. Once the striker impacts the incident bar, a stress pulse is generated and propagates through the incident bar towards the specimen. When the incident stress wave arrives at the incident bar/specimen interface, a reflective wave is generated and propagates backwards along the incident bar due to impedance mismatch, and the rest transmits through the specimen to the transmitted bar. From the incident, the reflected, and the transmitted strain signals, the stress-strain relationships of the specimen at various strain rates can be obtained. The characteristics of the incident strain pulse, such as the rise time, affect the measurements of the materials' stress-strain relationships greatly, especially for brittle materials such as concrete, ceramic, and cryogenic ice [4, 5, 12] . In addition, the stress equilibrium condition along the specimen thickness is required in SHPB experiments [13] , which could also be facilitated by a ramp incident wave with a relatively long rise time, especially for brittle materials. Many researchers focus on the effects of the end-friction, the end-face indentation, the processing methodology of measured data, and some new experimental methods to get more accurate constitutive laws accounting for the accurate dispersion correction and the exact delay setting [9, 10, [14] [15] [16] [17] [18] [19] . However, the imperfect experimental conditions, e.g. defects, of SHPB experiments, such as the inclination of the striker/incident contact surfaces, the curved bars, or the misalignment of bars and the end-surface indentation, which may affect the measurement results and thereby decrease experimental accuracy, are rarely quantitatively studied in the open literature. The investigation of the defects in SHPB experiments not only provides insight to the influence of the imperfect condition effects, but also aids in understanding the experimental results.
In the present research, the effects of imperfect conditions on the incident stress waves of the SHPB were studied by experiments and numerical simulation. Four kinds of defects that are the curved bar, the inclination of the impact end-surface, the misalignment between the striker and the incident bar and the indentation of the impact end-surface, were investigated. Firstly, the effects of the inclination of the incident bar with respect to the striker were investigated by SHPB experiments by measuring the strain pulses and endsurface velocities of the incident bar with strain gauges and a photonic Doppler velocimetry (PDV), respectively. Note that the effects of the curved bar and the inclination of the impact end-surface were coupled. The PDV system, which is based on the principle of Doppler interference, has been rapidly gaining popularity as a powerful diagnostic method for tracking particle velocities on short time scales in shock dynamics experiments since its invention [20] [21] [22] . It has excellent functions on low velocity and multiple simultaneous velocity measurements. The measured results show that the designed imperfect experimental conditions have great impacts on the incident waves. Then, to decouple the effects of the curved bar and the inclination of the impact end-surface, these influences were studied individually by numerical simulation. The simulated results indicate that the effects of the curved bar are negligible, whereas the inclination of the impact endsurface affects the pulse shape significantly, including the generation of obvious bending waves and increasing the rise time. Finally, the effects of the misalignment between the striker and the incident bar as well as the indentation of the impact end-surface were also simulated. The results show that the fluctuations induced by the lateral inertia effect the decrease slightly and the bending waves increase slightly with increasing the degree of the misalignment. In addition, the pulse shapes were affected significantly by the indentation of the impact end-surface. The rise and the fall times increase quickly and the dispersion effects disappear gradually with increasing the deflection of the impact end-surface.
The article is organized as follows. In Sect. 2, the SHPB experiments for the different inclination angle of the incident bar were described. In Sect. 3, the schematic of numerical simulations were designed to analyze the influence of the four kinds of imperfect experimental conditions. In Sect. 4, the experimental results and the simulated results were given. The effects of the imperfect experimental conditions on the incident waves were investigated and discussed.
Experiments
A simplified SHPB apparatus equipped with a PDV system was used to investigate the influence of the imperfect experimental conditions. The schematic diagram of the experimental is depicted as Fig. 1 , in which the inclination of the incident bar is designed. Only the striker and the incident bar were used in this study to simplify the problem. C1045 steel is used for both the striker and the incident bar. The geometrical and material parameters for the SHPB system are listed in Table 1 [23] . A thin layer of lubricant was applied on the impact end-surface of the incident bar to minimize the effect of friction. The construction and the measuring principle for the PDV system is described in detail elsewhere [24, 25] . The incident velocity of the striker was measured by a high-precision laser velocimetry and kept almost constant by using the same chamber pressure in each experiment. A pair of strain gauges were strategically cemented on the middle of the incident bar (denoted as upper and lower strain gauges) and used in combination with a Wheatstone bridge circuit connected with a differential amplifier (Tektronix 5A22N) and a digital oscilloscope (Lecoy WaveMaster 808Zi) to record the stress pulses during the tests. The probe of the PDV system with a work distance of 15 mm was fixed opposite to the center of the end-surface of the incident bar to capture the particle velocity. Teflon tape was wrapped around the incident bar near the bearing as depicted in Fig. 1 to protect the probe. The PDV measurement was triggered by the rising edge of the strain signals of the incident bar. Three angles of inclination β = 0 • , 1 • , 2 • of the incident bar were designed by adjusting the height of the right end of the incident bar in experiments. The incident waves of the incident bar for various angles of inclination β were investigated by the strain gauges and the PDV system.
Numerical simulation

Schematic of simulation
In Sect. 2, the experiments were conducted to investigate the influence of the inclination of the incident bar, in which e Represents the condition of indentation of the impact end-surface, in which f c denotes the end-surface deflection different angles of inclination β were studied. Note that the inclination of the incident bar introduced two imperfect conditions into the experiments. One is the curved bar condition resulting in a change of propagation direction for stress waves, and another is the inclination of the impact endsurface leading to the change of the pulse shape because of impedance mismatch at the impact interface. The influences of the curved bar and the inclination of the impact end-surface were coupled in the experiments. To separate those effects, three-dimensional numerical models were designed as shown in Fig. 2 . The defects of the curved bar were designed as shown in Fig. 2a and b, in which the impact end-surfaces were parallel to each other. The deflections f and f represented the degree of defects for curved bar (a) and curved bar (b), respectively. Again, in practical SHPB experiments, the defect of the curved bar (a, b) are generally coupled with the defect of the inclination of the impact end-surface. Here, it was only numerically designed to decouple those effects. The experiment for the β = 0 • could be seen as the defect of the curved bar with an infinite radius of curvature. As shown in Fig. 2c , the contact angle of the incident bar, θ , represents the degree of the defect for the inclination of the impact endsurface. Moreover, the effects of the misalignment between the striker and the incident bar are investigated. The degree of this defect is represented by the f m as shown in Fig. 2d . Young's modulus E (GPa) 206
Poisson's ratio ν 0.3
Parameter A (MPa) 507
Parameter B (MPa) 320
Parameter C 0.064
Finally, the influence of the indentation of the impact endsurface is also simulated, and the degree of this defect is represented by the f c as depicted in Fig. 2e . In simulation, the dimensions of the striker and the incident bar were the same as the experiments as listed in Table 1 .
In simulation, the dimensions of the striker and the incident bar were the same as the experiments, as listed in Table 1 .
Using LS-DYNA software [26] , an explicit nonlinear structural integration scheme was applied to analyze the dynamic response of the incident bar. The code has been validated to analyze the dynamic response such as in SHPB experiments [27, 28] . The striker was meshed with 9216 eight-node brick elements, and the incident bar was meshed with 384000 eight-node brick elements. The striker and the incident bar were finely meshed with 768 elements at the cross-section. For the defects of the curved bar (a, b), the elastic constitutive models was taken for both the striker and the incident bar. For other defects, the Johnson-Cook constitutive model without considering the effect of temperature [29] was taken for both the striker and the incident bar because plastically deformation maybe occurs near the impact region. The effective stress can be written as following,
whereε p is equivalent plastic strain,ε * =ε p ε 0 is the normalized equivalent plastic strain rate andε 0 = 1 s −1 , A, B, and C are material constants, and n is work hardening exponent. The material constitutive model related parameters are also given in Table 1 [23] . The weighted master-slave surface algorithm without considering friction effects [26] was chosen to simulate the impact condition between the striker and the incident bar.
Validation of numerical modeling
Firstly, the numerical model was validated with the PDV measurement results for β = 0 • , 1 • , 2 • (the PDV results will Here it is just used to validate the numerical model). The simulated longitudinal velocities and the PDV measured velocities at the end-surface's center of the incident bar are given in Fig. 3 , in which the velocity profiles are shifted to the same start time to make a clear comparison (the start time for the PDV measurement is the time that the stress waves arrive at the strain gauges and reaches the trigger value, whereas the start time for the numerical simulation is the start time to calculation). The simulated end-surface velocities of the incident bar, including the rise time, the plateau, and the fall time are in good agreement with the PDV-measured results, except that the period of the oscillations induced by the lateral inertia effect is relative large in the numerical analysis for the inclination angle β = 0 • . This may indicate that there are small differences in material parameters especially for Poisson's ratio used in the simulation when compared to the true values. Considering the dispersion effect induced by the lateral inertia, the stress wave speed C with a wavelength λ has the relation as follows,
where C 0 is wave speed without considering the lateral inertia effect, r 0 is radius of the bar, ν is Poisson's ratio. According to Eq. (2), for the same wavelength λ, the wave speed C increases with decreasing Poisson's ratio, which implies that a slightly large Poisson's ratio is taken in the simulation. Nevertheless, the influence of the imperfect experimental conditions was well captured in the simulation as depicted in Fig. 3 . In addition, the simulated velocities of the plateau and the pulse durations also agree with the experimental measurements, which show the consistency of the numerical model.
Results and discussion
Experimental results
The measured strain pulses and the end-surface velocities are shown in Figs. 4 [6, 14, 15, [30] [31] [32] [33] . In addition, the end-surface velocities of the incident bar measured by the PDV system are about 19.80 m/s on average, which is consistent with the laser velocimetry measurements. The experimental results also capture the difference of the incident waves for the different inclination angles β. As shown in Fig. 4 , the amplitudes of the bending waves and the rise time increase, and the amplitudes of the fluctuations decrease with an increasing inclination angle. The rise time also increases fast by increasing the angle β. The influence of the inclination angle on the incident waves of the incident bar is also captured clearly by the PDV system. As shown in Fig. 5 , while increasing the inclination angle from 0 • to 2 • , the rise time increases quickly and the fluctuation characteristics disappear gradually. Additionally, the fall time also increases with increasing the inclination angle, which is not obvious in the strain signals due to the bending waves. As the PDV measures the velocities at the center of the end-surface, the bending waves are not captured. Multi-point measurements of the PDV system are expected to be carried out to investigate the bending wave effects and the dispersion effects. According to the measurement results, it can be seen that the imperfect experimental conditions of the SHPB influence the incident waves significantly. Quantitative investigation for the imperfect conditions in SHPB experiments will be performed by numerical simulation in the next section. The v z_Upper for the various f are given in Fig. 7a , where f = 0.0 mm represents the perfect condition. And the difference between the v z_Upper and the v z_Lower , denoting the bending waves, for the various f are given in Fig. 7b . Similar to the curved bar (a), the results of the curved bar (b) were also very close to each other, which implies that the incident waves will not be affected by the defect of the curved bar conditions.
Simulation results and discussion
Effect of the curved bar
In the simulation, the deflection f = 10.0 mm in the curved bar (a) and the f = 5.0 mm in the curved bar (b) were designed very large when compared to true experiments. However, the simulated dynamic responses of the incident bar change very slightly under this condition. For the curved bar condition, the wavelength of the bar is much longer than that of the incident wave. As a result, the effects of the curvature on the stress waves are negligible while the stress waves propagate along the incident bar. Note that the curved bar condition generally leads to a non-parallel impact condition in practical SHPB experiments. Its effects should be carefully taken considered. In view of this, we only need to ensure the parallel impact end-surface condition regardless the curvature of bars in the SHPB. speed, the bending waves do not affect the v z_Upper at the early time. It can be seen that the v z_Upper were significantly affected by the contact angles. With increasing the contact angle, the rise and the fall times increase rapidly, and the fluctuations at the plateau stage disappear gradually. A much ramped shape was obtained for a large impact angle. This might be of benefit for brittle materials such as concrete, ceramic, and cryogenic ice [4, 5, 12, [34] [35] [36] , in which the rise time required is much longer than the time needed for the stress uniformity in the specimen. Figure 8 also shows that the amplitudes of the bending waves decrease gradually with an increasing impact angle. The region of plastic deformation increased with an increasing impact angle, which makes the stress uniform in the cross-section of the incident bar, and thereby decreases the amplitudes of the bending waves. The v z_Lower for the different contact angle are shown in Fig. 9 , which reveal the similar characteristics as the v z_Upper . Since the inclination of the impact end-surface acts as somewhat a kind of pulse shaper, the relationship between the rise time t and the impact angle θ is depicted in Fig. 10 . The rise time t is determined as the duration for the velocity increasing from 0.3 m/s (to ensure the precise selection of the start time) to 9.5 m/s (to ensure all curves can reach this value) at the rising edge.
Effect of the inclination of the impact end-surface
In view of Fig. 10 , the rise time increases quickly at the beginning and then saturates gradually with increasing the impact angle. The rise time increased from about 9.03 μs at θ = 0.0 • to about 65.95 μs at θ = 3.0 • . Note that the full width of the pulse is about 120 μs, which implies the rise time exceeds half of the full width for the impact angle θ = 3.0 • . The relationship between the rise time and the impact angle can be well fitted with a Boltzmann function with a correlation of R 2 = 0.999, 
Equation (3) is obtained only for the C1045 steel material. For other materials, there should be similar relationships.
In view of the simulated results of the curved bar and the inclination of the impact end-surface, the experimental results obtained in Sect. 2 were predominately affected by the defect of inclination of the impact end-surface. It is also obviously demonstrated in Fig. 11 (the curves are shifted to ensure the same start time), in which a comparison of velocities between the PDV measurements for the various β and the simulated results for the various θ is given. The simulated results agree with the PDV measurements when θ = β, indicating that the inclination of the impact end-surface is the predominant factor in the aforementioned SHPB experiments. Note that the incident stress waves at the defect of the inclination of the impact end-surface are accompanied by considerable bending waves, which are detrimental to the 1D stress wave assumption of SHPB experiments. The existence of the bending waves brings complications such as non-uniform stress distribution in a specimen. For this reason, in actual experiments the bending waves are required to be physically minimized or completely removed. Therefore, the inclination of the impact end-surface should be excluded from SHPB experiments except when only the rising edge is used.
Effect of misalignment
Eleven values f m /D = 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, and 0.20 were simulated to investigate the influence of the misalignment between the striker and the incident bar on the dynamic response of the inci- Fig. 12 . Those velocity profiles are very close to each other except for the amplitudes of the fluctuations at the plateau and the bending waves. Also, the amplitudes of the fluctuations decrease with an increasing misalignment value f m /D, which might be ascribed to the shear deformations that required retaining a vertical cross-section. Moreover, the bending waves are generated under this condition. The amplitudes of the bending waves increase with an increasing misalignment value f m /D, which is ascribed to the increase of bending moment the cross-section.
To show clearly the effects of the misalignment, v z_Upper and v z_Lower for f m /D = 0.01, 0.06, 0.12, and 0.18 are given in Fig. 13. From Fig. 13 , the velocities v z_Upper and v z_Lower are almost the same as each other except after the bending waves arrive. Unlike the inclination of the impact end-surface condition, the rise and the fall times are nearly not changed by the misalignment value f m /D. In addition, the amplitudes of the bending waves are relatively lower when compared to that obtained under the inclination of the impact end-surface condition. However, similar to the inclination of the impact end-surface, the specimen will be loaded non-uniformly because of the existence of the bending waves, which should be excluded from SHPB experiments. A much ramped pulse shape was obtained for a large impact end-surface deflection. In addition, as the geometry of the incident bar was symmetrical for the designed impact end-surface deflection condition, the bending waves were not generated. As shown in the insert in Fig. 14 , the velocities along the cross-section were uniform. The region of plastic deformation increased with increasing the impact end-surface deflection, which makes the stress uniform in the cross-section.
Effect of the indentation of the impact end-surface
Similar to the inclination of the impact end-surface, the indentation of the impact end-surface also acts somewhat as a kind of pulse shaper. The relationship between the rise time 
Again, Eq. (4) is obtained only for the C1045 steel material. For other material, there should be a similar relationship.
Conclusions
In this paper, the effects of the imperfect experimental conditions on the incident waves of SHPB experiments were investigated by experiments and numerical simulations. The main conclusions are as follows:
(1) The incident waves of SHPB experiments change significantly while changing the inclination angle of the incident bar. The rise and fall times increase quickly, and the fluctuations at the plateau stage disappear gradually by increasing the inclination angle. 
